The behavioral sensitization produced by repeated amphetamine treatment may represent the neural adaptations underlying some of the features of psychosis and addiction in humans. Chromatin modification (specifically histone hyperacetylation) was recently recognized as an important regulator of psychostimulant-induced plasticity. We have investigated the effects of treatment with the histone deacetylase (HDAC) inhibitors butyric acid (BA, 630 mg/kg, i.p.) and valproic acid (VPA, 175 mg/kg, i.p.) on the psyhcostimulant locomotor sensitization induced by amphetamine (AMPH, 2.0 mg/kg, i.p.). Neither BA nor VPA had locomotor effects alone, but both significantly potentiated the amphetamine-induced behavioral sensitization in mice. At the molecular level, VPA and amphetamine produced an increase of histone H4 acetylation in the striatum as detected by Western blot analysis, while co-treatment with VPA and AMPH produced an additive effect on histone H4 acetylation. We then administered the HDAC inhibitors after treatment with amphetamine for 8 days to establish locomotor sensitization. We found that repeated administration of VPA or BA for 6 days inhibited the expression of sensitized response following amphetamine challenge. Finally, in a context-specific model we studied the effect of HDAC inhibitors on amphetamine-induced association of the treatment environment (associative learning). We found that VPA and BA enhance the context-specificity of expression of amphetamine sensitization. Thus, HDAC inhibitors differentially modulate the induction and expression of amphetamine-induced effects. Together, these results suggest that dynamic changes in chromatin modification may be an important mechanism underlying amphetamine-induced neuronal plasticity and associative learning. .ee (A. Kalda). appears to be a non-associative process, but contextual learning powerfully modulates both the induction and the expression of behavioral sensitization [35, 36] . There are two learning processes by which psychostimulant behavioral sensitization can be modified: (i) an occasion-setting mechanism [2, 37] can prevent the expression of behavioral sensitization in contexts in which the drug is not expected. (ii) Excitatory Pavlovian associations can increase drug-induced psychomotor response when animals are placed in environments where the drug is expected [2, 38, 39] . These two associative processes may combine to modulate the expression of sensitization [2, 3] .
Introduction
Repeated administration of psychostimulants such as amphetamine or cocaine, induces an enhanced behavioral response to subsequent drug exposure, a phenomenon known as behavioral sensitization that can persist for months [33, 35] . Psychostimulant-induced behavioral sensitization in rodents provides a model of addictive behaviors such as those associated with craving and relapse, as well as for psychotic complications of psychostimulant abuse [18, 34, 35] . Neural sensitization itself adaptations associated with the reward behavioral and psychostimulant sensitization. However, an additional mechanism such as chromatin modification involving histone acetylation is increasingly recognized as an important regulator of gene expression [17] . The acetylation state of histones is determined by the action of two families of enzymes: histone acetyltransferase (HAT), which catalyzes the transfer of an acetate group onto the histone tail, and histone deacetylase (HDAC), which catalyzes the removal of these acetates. Acetylation and deacetylation of core histone tails have been associated primarily with transcriptional activation and gene silencing, respectively [11] . Several studies suggest that dynamic histone acetylation and deacetylation processes are also active in postmitotic neurons [12, 20, 21, 27] . Recently, it has been shown that both acute and chronic cocaine administration are able to induce specific histone modification at different gene promoters in the striatum [6, 20, 22] . Furthermore, treatment with HDAC inhibitors alter locomotor and rewarding responses to cocaine [20] .
We hypothesized that dynamic changes in chromatin modification (histone acetylation/deacetylation) contribute both to psychostimulant-induced molecular neuroplasticity and associative learning. The aim of our study was to evaluate the effects of HDAC inhibitors (valproic acid and butyric acid) (1) on the induction and maintenance/expression of behavioral sensitization, and (2) on associative learning of the testing environment that underlies amphetamine-induced sensitization.
Materials and methods

Animal and drug treatments
All experiments were performed in accordance with NIH and EU guidelines (directive 86/609/EEC) on the ethical use of animals using the experimental protocol approved by the IACUC at Boston University Medical Centre. Male C57BL/6 mice (weight, 25-30 g) were obtained from the Charles River Laboratories (MA, USA) and from the National Animal Centre (Kuopio, Finland) and were maintained in temperature and humidity-controlled rooms with 12-h light-dark cycle (light from 7:00 a.m. to 7:00 p.m.). Prior to behavioral testing (which was conducted during the light phase of the light-dark cycle), all mice were handled for 4 days. The mice were injected intraperitoneally (0.1 ml/10 g body weight) with d-amphetamine sulphate (2.0 mg/kg), sodium valproate (175 mg/kg), and sodium butyrate (630 mg/kg) (Sigma, MO). The induction of behavioral sensitization (a co-treatment paradigm) was performed in US and repeated in Estonia. The expression of behavioral sensitization was performed only in US. A context-specific study was performed in Estonia. Western blott analyses was done in US.
Locomotor activity
Horizontal locomotor activity was assessed in standard polypropylene cages (15 cm × 25 cm) placed into adjustable frames equipped with five infrared photocell beams (San Diego Instruments, CA) that traverse each cage in a plane above its floor. Ambulation (sequential breaks in two adjacent beams) was recorded and analyzed on a computer [7] .
Co-treatment of HDAC inhibitors with amphetamine during the induction phase
For the co-treatment paradigm, mice were treated with butyric acid (BA) or valproic acid (VPA) or saline (SAL) 15 min prior to amphetamine (AMPH) or saline treatment. Mice were randomly assigned into one of the following four treatment groups: (1) SAL + SAL; (2) SAL + AMPH; (3) VPA or BA + SAL; (4) VPA or BA + AMPH. On days 1, 3, 5 and 8 of treatment the locomotor activity of animals was recorded 120 min after the treatment. On days 2, 4, 6 and 7 after treatment mice were left in the locomotor test environment for 120 min without the measurement of ambulation.
Apart treatment paradigm
For the apart treatment paradigm, mice were treated for 8 days with amphetamine (2.0 mg/kg, i.p.) and placed in the test cages for 120 min. Then, all mice were randomly assigned to the following three treatment groups: (1) SAL; (2) VPA (175 mg/kg); or (3) BA (630 mg/kg) and injected i.p. once a day, for 6 days. During the treatment session all mice were left for 120 min in the locomotor test environment. On day 15th, all groups were tested for locomotor activity for 120 min after challenge with amphetamine (2.0 mg/kg, i.p.).
Context-specific model
There were a total of 16 groups in these experiments, which came from two types of pre-treatment groups: the Paired and Unpaired. Both pretreatment groups were divided into following eight subgroups: (1) SAL + SAL, (2) SAL + AMPH, (3) VPA + SAL, (4) VPA + AMPH, (5) SAL + SAL, (6) SAL + AMPH, (7) BA + SAL and (8) BA + AMPH. Animals in the Paired group were transported to the locomotor test environment, where they received the respective treatment. After the daily treatment the Paired mice were left in the locomotor test environment for 120 min and then returned to their home cages. Animals in the Unpaired group were transported from their home cages to the "Third world" environment, where they received treatments. We defined the "Third world" as standard polypropylene cages (15 cm × 25 cm) with wire lids, pine wood-shavings on the floor and located in a quiet room, distinct from the locomotor test environment. After treatment all mice returned to their home cages. These procedures for the Paired and Unpaired groups were repeated for 8 days, once a day.
Three days after the last pre-treatment day (day 12) the animals in both groups were transported to the locomotor test environment, where they received a single saline i.p. injection. Horizontal locomotor activity was recorded for 20 min after the saline treatment. Then all of the mice received a subsequent injection of amphetamine (2.0 mg/kg i.p.) and locomotor activity was recorded for another 120 min.
Western immunoblotting
Mice were sacrificed 90 min after the last injection of amphetamine, HDAC inhibitor or saline. Striata were removed quickly in a +4 • C room and stored at −80 • C until processed. Nuclear proteins were isolated from striata as described earlier [41] . For Western blot, nuclear protein pellets (10-20 g) were resuspended and electrophoresed in a 10-20% gradient Trisglycine gel. After blotting, the membranes were incubated with antibodies against either histone H4 (#07-108 1:1000, Upstate, NY) or its acetyl isoforms (#06-761 AcH4, 1:1000, Upstate, NY), and finally developed by incubating with peroxidase-conjugated anti-rabbit antibody (1:5000, Vector Laboratories, CA). Immunoblots were quantified using a UVP bioimaging acquisition and image analysis system. The optical density (OD) of the acetylated histone H4 immunoreactivity was normalized to that of the total histone H4 immunoreactivity, and was expressed as the ratio of acetylated histone H4 over total histone H4.
Statistical analysis
Behavioral data of all experiments were analyzed using the parametric statistics with one-way ANOVA, or repeated two-way ANOVA followed by post hoc Bonferroni test, as appropriate. All data expressed as mean ± S.E.M., significance was set at p < 0.05.
Results
The effects of HDAC inhibitors on histone H4 acetylation in striatum
The main goal of the present study was to assess the effects of HDAC inhibitors on amphetamine-induced behavioral sensitization. We first determined the doses for each HDAC inhibitor that would inhibit HDAC activity without affecting basal locomotor activity. We focused on histone H4 acetylation because our pilot studies showed that repeated treatment with VPA or amphetamine produced the most consistent changes in histone H4 acetylation compared to histone H3 acetylation (data not shown). Of note, the anti-acetylated histone H4 antibody in this study recognizes a single acetylation site on the H4 histone tail (Lysine 12) and repeated treatment with VPA and BA likely accumulates acetylated histone H4 associated with the increased number of gene promoter.
We first characterized hyperacetylation of histone H4 after treatment with VPA (175 mg/kg, i.p.), BA (630 mg/kg, i.p.) or amphetamine (2.0 mg/kg, i.p.) alone, or after combined treatment of amphetamine with VPA or BA. Following the repeated co-treatment paradigm for 8 days, VPA significantly enhanced acetylation of histone H4 in striatum as detected by Western blot (Fig. 1 , one-way ANOVA, compared VPA + SAL versus SAL + SAL, Bonferroni post-test, p < 0.05). However, BA at the dose tested showed a trend to increase, but failed to produce statistically significant histone H4 hyperacetylation. Interestingly, repeated treatment with amphetamine signifi- Fig. 1 . Repeated treatment with valproic acid and amphetamine produce additive global increase of histone H4 acetylation in the striatum. Mice were injected (i.p.) with saline (SAL + SAL), amphetamine (2.0 mg/kg, SAL + AMPH), VPA (175 mg/kg, VPA + SAL), BA (630 mg/kg, BA + SAL) or co-administration with amphetamine and VPA (VPA + AMPH) or amphetamine and BA (BA + AMPH), daily for 8 days and sacrificed 90 min after the last injection at day 8. Histone H4 acetylation was analyzed by Western blot using antibodies specific for acetylated H4 histone. The immunoreactivity for acetylated histone H4 was normalized to total (non-acetylated and acetylated) histone H4 immunoreactivity. Upper panel shows a representative blot of acetylated H4 histone (AcH4) and total histone (H4). Bar graph shows quantitative densitometric analysis of AcH4 after normalizing to total H4. Data are expressed as ratio of AcH4/H4 (OD) and represent as the mean ± S.E.M.; n = 6, *p < 0.05 one-way ANOVA compared to the saline-treated group (S + S). @ p < 0.05, Student t-test compared the V + A group with the S + A or V + S group. cantly increased acetylation of histone H4 in striatum (compared SAL + AMPH versus SAL + SAL one-way ANOVA, Bonferroni post-test, p < 0.05). Importantly, the combined treatment of VPA with amphetamine produced additive effects on histone H4 acetylation that was higher than that from the treatment with VPA or amphetamine alone (compared VPA + AMPH versus SAL + AMPH or VPA + SAL, one-way ANOVA, Bonferroni post-test, p < 0.05). Thus, repeated treatment with VPA or amphetamine alone induces histone H4 hyperacetylation and co-treatment with VPA and amphetamine produces an additive effect on histone H4 acetylation in mouse striatum.
The effect of HDAC inhibitors on the induction of behavioral sensitization
We next examined the effects of VPA and BA on the induction of amphetamine-induced behavioral sensitization. Mice were treated with amphetamine (2.0 mg/kg, i.p.) alone or co- treated with amphetamine and VPA (175 mg/kg, i.p.) or BA (630 mg/kg, i.p.) daily for 8 days, and their locomotor responses were monitored on the days 1, 3, 5 and 8 ( Fig. 2A and B ). On the first day, acute treatment with amphetamine increased locomotor activity, while acute administration of VPA or BA did not. Co-administration of amphetamine with VPA or BA did not significantly affect amphetamine-induced locomotor activity in mice on the first day compared to the amphetamine alone group. Following the daily injection of amphetamine (SAL + AMPH) for 7 days, mice displayed a nearly three-fold increase in responses across days (repeated measures ANOVA, F = 10.5, p < 0.0001, followed by Bonferroni post-test, first day versus eighth day, p < 0.001), indicating a robust sensitization. The saline-treated mice (SAL + SAL) did not show any sensitization across test sessions (repeated measures ANOVA, F = 2.5, p = 0.09), nor did the repeated treatment with BA or VPA alone (VPA + SAL repeated measures ANOVA, F = 1.4, p = 0.26; BA + SAL, F = 2.3, p = 0.12). However, repeated co-treatment with VPA and amphetamine-induced behavioral sensitization (repeated measures ANOVA, F = 11.6, p < 0.0001, followed by Bonferroni post-test, first versus eighth day, p = 0.001). Importantly, the locomotor activity of the VPA + AMPH group was significantly higher than that of the SAL + AMPH mice on the 8th day (two-way ANOVA with repeated measurments, treatment F 3,144 = 29.3, p < 0.0001, followed by Bonferroni post-test, p < 0.01). There was also significantly enhanced locomotor activity in mice co-treated with BA and AMPH compared with the SAL + AMPH group on the eighth day ( Fig. 2B , twoway ANOVA with repeated treatments, treatment F 3,104 = 19.9, p < 0.0001, followed by Bonferroni post-test, p < 0.05). These co-treatment experiments were repeated twice in two lab settings and similar results were obtained. This suggests that repeated coadministration of HDAC inhibitors and amphetamine enhanced the induction of amphetamine sensitization in mice.
HDAC inhibitors effect on the expression of behavioral sensitization
Next, we studied the effect of VPA or BA on the expression of amphetamine-induced behavioral sensitization in an apart treatment paradigm. All mice received daily treatment with amphetamine (2.0 mg/kg, i.p.), for 8 days. Then, mice were randomly divided into three groups and treated daily with saline or with VPA (175 mg/kg, i.p.) or BA (630 mg/kg, i.p.), for 6 days. On the day 15th all mice were challenged with amphetamine and the locomotor activity was estimated.
The time course of the locomotor response is depicted in Fig. 3 . There was a significant difference on locomotor responses between the saline and the VPA or BA treated mice after amphetamine challenge (SAL versus VPA, two-way ANOVA with repeated measurment, treatment groups F 1,156 = 17.62, p < 0.0001 and SAL versus BA, treatment groups F 1,182 = 17, p < 0.0001). The post-test analysis suggests that there was difference in the locomotor activity between the groups on the second hour after the amphetamine challenge (Bonferroni post-test, SAL versus BA post-injection interval 100-120 min, p < 0.01; SAL versus VPA post-injection interval 100-110 min, p < 0.01). These data indicate that after development of amphetamine sensitization, repeated VPA or BA treatment inhibits the expression of sensitized response to amphetamine.
HDAC inhibitor effect on associative learning processes underlying amphetamine-induced sensitization
To evaluate whether HDAC inhibitors influence the amphetamine-associated learning processes, we tested the effect of HDAC inhibitors on amphetamine-induced association of the testing environment, a context-specific model. All mice were divided into two groups: Paired and Unpaired. Both groups were further divided into four subgroups: SAL + SAL, SAL + AMPH, VPA (or BA) + SAL, and VPA (or BA) + AMPH, and treated respectively for 8 days. For the Paired group, the environment for the amphetamine treatment and the locomotor test were same. In contrast, for the Unpaired group, the environment for amphetamine treatment was made in the "Third world"(see section 2) while the locomotor test was made in the regular "testing" environment. Specifically, after daily treatment the Paired mice were left in the locomotor "test" environment for 2 h and then removed back to home cages. In contrast, the Unpaired mice were treated in the Third world and then immediately moved back to the home cages after treatment.
Saline challenge
To study the effects of HDAC inhibitors on a facilitatory conditioned response we evaluated saline challenge response to the locomotor "testing" environment the Paired and Unpaired groups. After the induction of amphetamine sensitization for 8 days, both the Paired and Unpaired groups underwent a washout period for 3 days. This was followed (on the 12th day) by a 20-min saline challenge test in the locomotor test environment, which was novel to the Unpaired groups but not to the Paired groups. Fig. 4 shows that, after the saline challenge, there was a significant difference in the locomotor activities between the Paired and Unpaired groups (Fig. 4A , twoway ANOVA; treatment groups F 3,72 = 1.9, p = 0.13, Paired and Unpaired groups F 1,72 = 9.6, p = 0.003; interaction F 3,72 = 1.61, p = 0.19 and Fig. 4B , treatment groups F 3,50 = 3.27, p < 0.029, Paired and Unpaired groups F 1,50 = 28, p < 0.0001, interaction F 3,50 = 2.7, p = 0.059). The Paired SAL + AMPH mice exhibited substantially larger locomotor activities in response to the saline injection in the test environment than the Unpaired SAL + AMPH group (Bonferroni post-tests p < 0.01). Interestingly, the Paired VPA + AMPH mice did not show an increase in the locomotor activity after the saline challenge, compared to the Unpaired VPA + AMPH mice. However, we found that while there was some reduction in locomotor response to the saline challenge in the Paired BA + AMPH group compared to the Unpaired group, there was still a significant difference in the BA + AMPH groups between the Unpaired-and Paired groups (Bonferroni post-tests p < 0.05). Thus, the facilitatory conditional response was absent in the Paired VPA + AMPH mice but not in the Paired BA + AMPH group after the saline challenge.
Amphetamine challenge
Immediately after the saline challenge, all groups were administered amphetamine (2.0 mg/kg, i.p.) and the locomotor activity was recorded for 120 min. Amphetamine induced a significant expression of the sensitization in the Paired groups (Fig. 5A , one-way ANOVA, F 3,35 = 11.9, p = 0.0001; Fig. 5B , F 3,28 = 12.8, p = 0.04). The Paired SAL + AMPH groups demon- strated a robust sensitization, exhibiting significantly more locomotor activities than saline-treated mice (SAL + AMPH versus SAL + SAL, Bonferroni post-test p < 0.05). Also the Paired VPA + AMPH or the Paired BA + AMPH mice showed substantial expression of sensitization (Bonferroni post-test VPA + AMPH versus VPA + SAL p < 0.001, BA + AMPH versus BA + SAL p < 0.001, and SAL + AMPH versus BA + AMPH p < 0.05). There was no expression of locomotor sensitization in VPA (or BA) + SAL groups. However, most of the Unpaired groups failed to express locomotor sensitization (Fig. 5A , oneway ANOVA, F 3,35 = 1.9, p = 0.149; Fig. 5B , one-way ANOVA, F 3,28 = 6.2, p = 0.004, Bonferroni post-test, BA + AMPH versus SAL + SAL, or BA + SAL p < 0.05).
An occasion-setting mechanism can block the expression of neural sensitization in contexts where a drug of abuse is not expected, and can enhance the expression of neuronal sensitization in contexts where the drug is expected [2] . To evaluate whether HDAC inhibitors affect the occasionsetting mechanism, we compared the Paired and Unpaired mice after amphetamine challenge (Fig. 5A , two-way ANOVA, treatment groups F 3,72 = 7, p < 0.0004, Paired and Unpaired groups F 1,72 = 2.6, p = 0.11; interaction F 3,72 = 2.94, p < 0.039 and Fig. 5B , treatment groups F 3,50 = 20.95, p < 0.0001, Paired and Unpaired groups F 1,50 = 1.7, p = 0.2, interaction F 3,50 = 2.1, p < 0.11). Paired and Unpaired subgroups SAL + SAL, BA + SAL or VPA + SAL did not vary significantly from one another after amphetamine challenge. Also, there was no significant difference between the Paired and Unpaired SAL + AMPH treated mice (Bonferroni post-test p > 0.05). However, the Paired VPA + AMPH group demonstrated significantly higher locomotor activity than the Unpaired VPA + AMPH mice (Bonferroni post-test p < 0.01). Similarly, we also detected significantly higher locomotor response in the Paired BA + AMPH group compared to the Unpaired BA + AMPH group (Bonferroni post-test p < 0.05). Thus, after the amphetamine challenge, there was a significant difference on the sensitization response between the Unpaired and Paired mice co-treated with HDAC inhibitors.
Discussion
We hypothesized that HDAC inhibition-induced chromatin modification contributes to both amphetamine-induced behavioral sensitization and associative learning processes. This hypothesis is supported by the following findings in the present study: (i) repeated treatment with BA or VPA did not have locomotor effects by themselves but significantly potentiated amphetamine-induced behavioral sensitization in mice; (ii) repeated BA and VPA administration after the induction of amphetamine sensitization (apart treatment paradigm) inhibited the expression of sensitized response to amphetamine upon the challenge; (iii) repeated co-treatment with amphetamine and VPA (but not BA), during the induction of behavioral sensitization, inhibited the facilitatory effect of Pavlovian associations (environment setting effect); (iv) only the context trained mice exposed to VPA or BA (Paired VPA (or BA) + AMPH mice) demonstrated significantly greater expression of sensi-tization than the non-context trained mice (Unpaired VPA or BA + AMPH group) after the amphetamine challenge. We also found that repeated treatment with VPA or amphetamine alone induces histone H4 hyperacetylation and co-treatment with VPA and amphetamine produces additive effects on histone H4 acetylation in the mouse striatum.
Chromatin modification was recently recognized as an important regulator of a gene expression in the brain [27] . In the nucleus, DNA is packed tightly into chromatin, comprising a group of highly basic proteins, the histones. Unmodified histones are linked tightly to DNA, preventing interactions of other proteins, including RNA polymerase II, which is required for transcription [10] . Transcription factors regulate target genes by recruiting to the gene promoter's enzymes that modify the core histones by regulating their acetylation (HAT and HDAC), phosphorylation and methylation. HDAC catalyzes the removal of acetate from the modified lysine residues located in the Nterminal tail regions of the core histones H2, H3, and H4. HDAC inhibitors are the group of agents that increase the acetylation of the core histones and may be a critical determinant of gene expression. Two non-specific HDAC inhibitors (VPA and BA) were tested in the present study. Previous studies showed that VPA inhibits the majority of class I and II HDAC at CI50, ranging from 0.7 to 1.3 mM [13] . It has been also demonstrated that the inhibitory effect of VPA on HDAC initiates within hours after exposure, with a rapid return to baseline acetylation levels of histones. BA is another non-specific HDAC inhibitor with CI50 also in the milli-molar range and is typically rapidly eliminated from the body. In addition to their inhibition of HDAC, both VPA and BA have some other significant actions [25, 32] . VPA increases the level of ␥-amino butyric acid (GABA), an inhibitory neurotransmitter, enhances the sensitivity of GABA receptors in brain and consequently is widely used as an anticonvulsant and mood stabilizer [24, 30] . BA does not have any reported effects on the GABAergic system. BA is used as an effective treatment in a wide range of human diseases, including cancers, ␤-thalassemia and bowel inflammatory pathologies [14, 25, 31] . Thus, VPA and BA differ in many aspects of their pharmacological actions, but share the common molecular action of HDAC inhibition. The demonstration that these two disparate drugs have similar behavioral effects strongly argues that their shared inhibition of HDAC, rather than other actions, is responsible for modulation of the amphetamine-induced behavioral sensitization observed in this study.
HDAC inhibitor treatment modulates the induction and expression of behavioral sensitization
In the present study, a single co-administration of HDAC inhibitors and amphetamine did not affect amphetamineinduced locomotor activity. However, we found that repeated co-treatment with HDAC inhibitors and amphetamine augmented the amphetamine-induced psychomotor responses during the induction of behavioral sensitization ( Fig. 2A and  B) . The mechanism underlying this effect is unknown. One possible explanation is that histone hyperacetylation after inhibiton of HDAC synergizes with cAMP signalling evoked by amphetamine to elicit specific gene expression and consequently altered neuronal function. We have found that VPA (175 mg/kg, i.p.) as well as d-amphetamine (2.0 mg/kg, i.p.) produced a global increase of histone H4 acetylation in the striatum (Fig. 1) . However, BA failed to induce a global increase in histone H4 acetylation in the striatum. The lack of histone H4 acetylation by BA may be due to the particularly low dose used in this study (i.e. the dose not altering basal locomotor activity). Indeed, other studies used BA at much higher dose for their in vivo investigations. For example, Ferrante and colleagues used BA at the dose 1200 mg/kg (compared to ours at 630 mg/kg) daily throughout the study (postnatal day 42-125) [9] . We found that BA at the dose above 630 mg/kg would affect basal locomotor activity, precluding the use of a higher dose in our study to examine behavioral effects of HDAC inhibitors on amphetamine sensitization. Despite the lack of histone H4 acetylation, we found that BA at this dose potentiates the amphetamine behavioral sensitization. Furthermore, as is the case for amphetamine, repeated treatment with BA or VPA increased FosB protein levels in the striatum (Kalda et al. unpublished data). Recently, Kumar et al. [20] demonstrated that chronic treatment with cocaine induced histone H3 hyperacetylation at the promotors for FosB, BDNF and Cdk5 in the striatum. The BA treatment (200 mg/kg i.p.) followed by cocaine (15 mg/kg i.p.) caused enhanced induction of histone H3 phosphoacetylation as compared to cocaine treatment alone. BA also enhanced the locomotor-activating effects of cocaine and this effect was more evident on the second day of cocaine exposure [20] . Our results demonstrated that co-treatment with BA (630 mg/kg i.p.) and amphetamine induced a locomotor response that peaked at day 8. These studies thus, indicate that histone hyperacetylation may enhance psychostimulant-induced locomotor responses.
Despite histone hyperacetylation in the brain, treatment with the HDAC inhibitor (VPA + SAL) did not elicit behavioral responses after a single or repeated administrations ( Fig. 2A ). Furthermore, VPA or BA did not alter amphetamine-induced locomotor activity, if HDAC inhibitors were administered 12 h prior to amphetamine (data not shown). These results suggest that HDAC inhibitors do not have a motor effect by themselves but rather they enhance the amphetamine-induced effect during induction of sensitization.
The repeated treatment with HDAC inhibitors had an inhibitory effect on the expression of sensitized response in the apart treatment paradigm (Fig. 3A and B) . These results indicate that HDAC inhibitors may have different effects depending on the treatment paradigms. Expression profiling demonstrated that HDAC inhibitors regulated the expression only of a small number of genes (2-5%) [8, 40] . The mechanisms of selective gene activation or repression by HDAC inhibitors are not well understood and might result from hyperacetylation of histones or other proteins, such as transcription factors [25] . We speculate that alterations in a specific gene expression and/or a protein acetylation may differentially modify psychomotor responses during the induction and expression of behavioral sensitization. An alternative hypothesis is that repeated treatment with VPA decreases the expression of amphetamine sensitization through GABAergic inhibition. There are several studies demonstrating that GABA plays an important role in the induction and expression of behavioral sensitization [4, 16, 23] . For example, Li et al. [23] demonstrated that multiple administration of VPA (37.5, 75, 150 mg/kg) dose-dependently inhibited the induction and expression of behavioral sensitization to methamphetamine in mice. Thus, it remains possible that the effect of VPA depends on the drug concentration-at lower doses the effect is mainly related with GABAergic inhibition, but at higher doses the HDAC inhibitory effect becomes evident. However, in our experiments BA also decreased the expression of amphetamine sensitization and there is no data indicating that BA affects the GABAergic system. Thus, it is likely that the shared HDAC inhibition by VPA and BA is responsible for the modulation of amphetamine-induced sensitization.
Learning processes governing amphetamine sensitization
Several recent studies have demonstrated that chromatin modification, specifically histone hyperacetylation, plays an important role in the molecular mechanism of learning and formation of a long-term memory in Aplysia and mice [1, 12, 19, 21] . Since associative learning is an integrated component of psychostimulant-induced sensitization [5, 37] , HDAC inhibitors may potentiate amphetamine-induced behavioral sensitization by enhancing associative learning and memory consolidation. To study the effects of HDAC inhibitors on amphetamine-induced associative learning, we used a contextspecific model-mice given repeated treatments (SAL + SAL, SAL + AMPH, VPA + SAL or BA + SAL, VPA + AMPH or BA + AMPH) in the locomotor test environment (Paired groups) or in a non-test environment (Third world) (Unpaired groups). The Paired and Unpaired mice were treated identically for 8 days and there were no procedural differences between these two groups. Therefore the only diference is in the context-association of drug administration, while they are expected to undergo the same process of neural sensitization.
Behavioral sensitization is the manifestation of neuronal plasticity that occurs as a consequence of repeated exposure to drug of abuse. However, under some circumstances, a contextual stimulus can gain powerful control over the ability of the sensitized neural substrate to influence behavior [3, 37] . It has been proposed that a neural sensitization is modulated by two associative mechanisms. One of these is a conditioned facilitation, resulting from the Pavlovian pairing of the context and drug, which produces a conditional response to drug-associated cues. This can add to the sensitized response in the drug-paired context [38, 39] . The other is an occasion-setting mechanism that prevents the expression of sensitization in the environment where the drug is not expected but enhances the expression of sensitization in the context where the drug is expected [2, 37] .
The effect of HDAC inhibitors on excitatory Pavlovian associations
There are considerable evidences that drug-paired context can elicit facilitatory conditional responses that resemble the drug unconditional response [3, 26, 38, 39] . In the present experi-ments, the facilitatory conditional response was clearly observed in the Paired SAL + AMPH mice, when they were given saline and placed in the drug-associated environment ( Fig. 4A and B) . Whereas the Unpaired SAL + AMPH mice, which had the same treatment but were placed in the Third World environment, did not exhibit the facilitatory conditional response. Our data are in good agreement with the findings by Anagnostaras et al. [3] that the conditional response, produced by the facilitatory drug environment conditioning, contributes primarily to the early phase of the sensitized response and it accounts for only a small proportion of the overall response. Surprisingly, we found that the Paired VPA + AMPH mice did not show the facilitatory conditional response (Fig. 4A) . In contrast, there was statistical difference between the Unpaired and the Paired BA + AMPH groups. It is unclear why the Paired VPA + AMPH mice failed to demonstrate the facilitatory conditioning. We speculate that there may be at least two mechanisms underlying this effect. (i) Lack of excitatory drug environment conditioning in the Paired VPA + AMPH mice, may be caused by the GABAergic effect of VPA. (ii) Repeated treatment with HDAC inhibitors decreases the development of Pavlovian excitatory drug environment conditioning. Future studies are needed to clarify this issue.
The effect of HDAC inhibitors on an occasion-setting mechanism
It has been proposed that an occasion-setting mechanism, acting via conditional facilitation or inhibition, can gate the expression of the sensitized neural substrate [2] . Occasionsetters are a class of conditional stimuli that do not themselves elicit a conditional response, but they modulate the ability of other stimuli to elicit responses [15] . The present results suggest that amphetamine produced robust behavioral sensitization in all environments, but when an amphetamine challenge was given in the test environment that was novel for the Unpaired groups (but not for the Paired groups), the expression of sensitization was the context specific. The Unpaired SAL + AMPH mice did not express the locomotor sensitization in an environment that had never been paired with amphetamine administration, since amphetamine-sensitized responses did not differ significantly from the Unpaired SAL + SAL group (Fig. 5A and B) .
To evaluate whether HDAC inhibitors affect the occasionsetting mechanism, we compared the Paired and Unpaired mice after amphetamine challenge. There were no differences between the Unpaired and Paired SAL + AMPH groups. However, there was significant difference in amphetaminesensitized response between the Unpaired and Paired VPA (or BA) + AMPH mice after amphetamine challenge. Thus, the conditional amphetamine-sensitized responses manifested significantly only in the group co-treated with HDAC inhibitors and amphetamine. The data suggest a complex interaction between environment and VPA or BA, as these drugs seemed to enhance the context-specificity of sensitization expression (i.e. increased the difference between the Paired and Unpaired groups), rather than augmenting expression of sensitization per se. It has been speculated that if animals receive amphetamine only in one distinctive environment they form an expectation that they would receive the drug only in that environment. This expectation can serve as a facilitatory occasion-setter in the treatment-associated context and as an inhibitory occasion-setter in different context [3] . Although, there was a trend of reduced expression of amphetamine sensitization in the Unpaired VPA + AMPH group (compared to the SAL + AMPH group, Fig. 5A ), there were no significant difference between the Unpaired BA + AMPH and SAL + AMPH mice (Fig. 5B) . Therefore, we conclude that the facilitatory occasion-setting mechanism in the Paired VPA (or BA) + AMPH mice is involved in the enhanced expression of amphetamine psychomotor sensitization.
In conclusion, the result of HDAC inhibitors and amphetamine co-treatment experiments suggest that chromatin modification (specifically histone hyperacetylation) may affect both the non-associative changes (via altering neuronal plasticity) and an associative learning (via the facilitatory occasion-setting mechanism). The apart treatment paradigm demonstrated that repeated treatment with HDAC inhibitors inhibited the expression of amphetamine sensitization, indicating that HDAC may play a critical role in the modulation of the expression of amphetamine sensitization depending on the treatment paradigms.
